The Role of H2O and O2 Molecules and Phosphorus Vacancies in the
  Structure Instability of Phosphorene by Kistanov, Andrey A et al.
1 
 
Role of H2O and O2 Molecules and Phosphorus Vacancies in 
the Structure Instability of Phosphorene 
 
Andrey A Kistanov1,2, *Yongqing Cai2, †Kun Zhou1, Sergey V Dmitriev3,4 
 and ‡Yong-Wei Zhang2 
 
1School of Mechanical and Aerospace Engineering, Nanyang Technological University, 639798 Singapore, 
Singapore 
2Institute of High Performance Computing, Agency for Science, Technology and Research, 138632 Singapore, 
Singapore 
3Institute for Metals Superplasticity Problems, Russian Academy of Sciences, 450001 Ufa, Russia 
4National Research Tomsk State University, 634050 Tomsk, Russia 
 
Email: *caiy@ihpc.a-star.edu.sg, † kzhou@ntu.edu.sg and ‡zhangyw@ihpc.a-star.edu.sg 
Keywords: phosphorene, vacancy, water and oxygen, oxidation 
Abstract 
The poor structural stability of phosphorene in air was commonly ascribed to humidity and oxygen 
molecules. Recent exfoliation of phosphorene in deoxygenated water promotes the need to re-examine 
the role of H2O and O2 molecules. Considering the presence of high population of vacancies in 
phosphorene, we investigate the interaction of H2O and O2 molecules with vacancy-contained 
phosphorene using first-principles calculations. In contrast to the common notion that physisorbed 
molecules tend to have a stronger adsorption at vacancy sites, we show that H2O has nearly the same 
adsorption energy at the vacancy site as that at the perfect one. Charge transfer analysis shows that O2 
is a strong electron scavenger, which transfers the lone-pair electrons of the phosphorus atoms to the 
2π* antibonding orbital of O2. As a result, the barrier for the O-O bond splitting to form O-P bonds is 
reduced from 0.81 eV at the perfect site to 0.59 eV at the defect site, leading to an about 5000 faster 
oxidizing rate at the defect site than at the perfect site at room temperature. Hence, our work reveals 
that the vacancy in phosphorene shows a stronger oxygen affinity than the perfect phosphorene lattice 
site. Structural degradation of phosphorene due to oxidization may occur rapidly at edges and grain 
boundaries where vacancies tend to agglomerate.   
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Introduction 
Phosphorene, the monolayer honeycomb structure of black phosphorus, has recently attracted great 
attention [1–5] due to its direct finite band gap [6, 7], intriguing chemical [8–11] and optical properties 
[12, 13]. Owing to strong quantum confinement, phosphorene exhibits a thickness-dependent work 
function and band gap (0.39 eV for bulk and 1.52 eV for monolayer) [14], ideal for infrared 
optoelectronics applications. In addition, its high carrier mobility [3] of 1000 cm2/V·s at room 
temperature implies its promising applications in transistors and other nanoelectronic devices. 
Furthermore, its asymmetric electronic and phononic conduction [15, 16], negative Poisson’s ratio 
[17] and highly flexible structure [18], also suggest that it is a promising material for thermoelectric 
and mechanoelectrical applications [19–24]. 
Clearly, those applications require our ability to massively produce large-area and high-quality 
phosphorene. Unlike other two-dimensional (2D) materials, such as graphene, boron nitride, and 
MoS2, phosphorene still cannot be fabricated by chemical vapor deposition (CVD) owing to its 
relatively chemically reactive character. Currently, high-quality phosphorene sheets can only be 
obtained either by pressure-induced phase transformation [25] or by mechanical exfoliation [2], which, 
in general, suffers from poor scalability. In addition, liquid phase exfoliation, a conventional method 
for massive production of other 2D materials, has to be properly tailored in order to avoid the 
structural degradation of phosphorene arising from water and oxygen molecules [26–29]. To meet this 
requirement, anhydrous organic solvents have been used. Nevertheless, this method has some 
disadvantages, such as a limited exfoliation yield and suboptimal flake size distribution of 
phosphorene compared with other 2D materials exfoliated in aqueous solutions [1, 30, 31]. More 
recently, a scalable, high-yield and environmentally benign approach was demonstrated via chemical 
exfoliation of phosphorene [32]. Although water is generally considered as a direct cause of structural 
degradation of phosphorene, interestingly, this method is actually based on aqueous dispersion in 
deoxygenated water. Clearly, the generally assumed detrimental role of water needs to be reexamined, 
and the protective mechanism of deoxygenated water and the interactions of water and O2 with 
phosphorene need to be understood. 
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Another important concern of phosphorene is related to its intrinsic instability arising from its 
phosphorus vacancies. It is known that for atomically thin 2D materials, lattice imperfections can be 
easily introduced during fabrication or intentionally produced via electron beam or other high-energy 
particle excitations [33–35]. For phosphorene, this issue seems to be even more critical since the 
atomic vacancies in phosphorene are calculated to be easily formed and abundant at ambient 
condition with their much lower formation energy (1.65 eV) than other 2D materials [36]. In addition, 
vacancies in phosphorene are highly mobile with an ultralow diffusion barrier of 0.30 eV compared of 
1.39 eV for vacancy in graphene [36]. Such itinerant vacancies may greatly affect the stability of 
phosphorene in air with respect to the interaction with environmental molecules. While most of the 
previous studies only focus on the effects of environmental molecules absorbed on perfect 
phosphorene [37–42], the interactions of defected phosphorene with environmental molecules have 
not been considered so far.  
In the present work, using first-principle calculations, we investigate the effect of absorption of 
H2O and O2 molecules on the electronic structures of perfect, mono-vacancy (MV), and di-vacancy 
(DV)-contained phosphorene. It is found that unlike graphene and MoS2, where defects enhance the 
adsorption of molecules at defective sites [38, 43], the vacancy-contained phosphorene shows almost 
the same chemical susceptibility to water as perfect phosphorene, due to their comparable energy 
release during adsorption, whereas for O2, the presence of DV can greatly promote its adsorption. 
Since vacancies in phosphorene are abundant and itinerant [36], as a consequence, oxygen molecules 
may be easily trapped at those defect sites. We find that the vacancies have significant effects on the 
oxidation of phosphorene with a 5000 faster oxidizing rate at the defect site than at the perfect site. As 
the vacancies tend to accumulate at the edges and grain boundaries, structural failure is highly likely 
to initiate at these sites. We predict that passivating the vacancies should be an effective strategy to 
promote the stability of phosphorene. Moreover, vacancies in phosphorene are found to be able to 
modulate the charge transfer between water and O2 molecules and phosphorene. The findings revealed 
here may render new ways to protect phosphorene from structure degradation and control the polarity 
and concentration of charge carriers in phosphorene. 
4 
 
Computational methods  
Density functional theory (DFT) calculations were performed by using VASP [44] packages. 
Perdew−Burke−Ernzerhof (PBE) [45] exchange-correlation functionals under the generalized gradient 
approximation (GGA) were selected. The Van der Waals (vdW) corrected functional with Becke88 
optimization (optB88) [46] was used for treating the dispersive interactions during the noncovalent 
chemical functionalization of phosphorene with small molecules. All the structures were fully relaxed 
until the total energy and atomic forces were smaller than 10−5 eV and 0.01 eV/Å, respectively. The 
effects of MV and DV in phosphorene were considered by removing one or two phosphorus atoms in 
a 4 × 5 × 1 supercell (80 phosphorus atoms). Periodic boundary conditions were applied in the two in-
plane transverse directions, together with a vacuum space with a thickness of 20 Å. For all the 
considered cases, we chose the energy cutoff of 400 eV and the first Brillouin zone was sampled with 
a 10 × 10 × 1 k-mesh grid. The absorption energy (Ea) of a molecule on perfect and vacancy-
contained phosphorene surfaces was calculated as Ea = EMol+P − EP − EMol, where EMol+P, EP and EMol 
are the energies of the molecule adsorbed phosphorene, phosphorene surface, and molecule, 
respectively. The reaction barriers are calculated by using the climbing image nudged elastic band 
(CI-NEB) method. 
Results and discussions 
Electronic structure of vacancy-contained phosphorene 
According to the band structure shown in figure 1(a) (lower panel), perfect phosphorene is a direct 
semiconductor with a band gap of 0.88 eV, which is consistent with previous studies [18, 38, 39, 47, 
48]. Note that this value is grossly underestimated due to the well-known deficiency in GGA. Similar 
to graphene, there exist many phases of MV and DV in phosphorene [36, 49–51]. Herein we only 
examine the lowest energy configuration of MV, which consists of pentagon-nonagon (59) rings as 
shown in figure 1(b) (upper panel), and that of DV, which consists of pentagon-heptagon-pentagon-
heptagon (5757) rings as shown in figure 1(c) (upper panel).  
For the 59 MV, removal of a phosphorus atom from perfect phosphorene creates unpassivated 
atoms and dangling bonds in the defect core. While the MV-contained phosphorene exhibits 
5 
 
essentially the same band gap as perfect phosphorene, there is a significant readjustment of band lines 
according to figure 1(b) (lower panel). A partially occupied defect band, which crosses the Fermi 
level, appears at about 0.01 eV above the valence band maximum (VBM) of the host phosphorene, 
suggesting easy production of hole states (p-type conduction) even upon moderate thermal excitations. 
Although MV-contained phosphorene still possesses a direct band gap, the VBM of the host 
phosphorene shifts from Γ point in the perfect case to Y point. This change in the band structure may 
affect the optical emission efficiency of phosphorene.  
For the DV-contained phosphorene, it is found that the 5757 DV defect shifts the VBM and 
conduction band minimum (CBM) downward and upward, respectively, which leads to an increase in 
the band gap up to 1.04 eV (figure 1(c)). This increase may arise from the large lattice distortion and 
local strain induced by the DV [36]. Unlike MV defect, there is no defect state in the band gap for the 
DV-contained phosphorene due to the absence of dangling bond and the full passivation of atoms. In 
addition, similar to the MV case, the VBM shifts from Γ to Y point and there is a direct-to-indirect 
band gap transition upon the introduction of 5757 DV. Such an increase in the band gap and direct-
indirect band gap transition could be detectable in optical spectrum, and blue shifts of the emission 
and adsorption peaks may be used to corroborate the presence of the 5757 DV defect. 
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Figure 1. Atomic configurations (upper panel) and band structure (lower panel) of phosphorene (a) perfect, (b) 
with MV defect, (c) with 5757 DV defect. Red dashed lines indicate the Fermi level.  
 
Physisorption of H2O and O2 molecules above vacancies 
We next consider the physisorption of the H2O and O2 molecules above the phosphorus-deficient 
phosphorene. For each molecule, we have examined several possible absorption positions on perfect 
and defected phosphorene. All subsequent calculations on the electronic properties and energetics are 
based on the lowest-energy configuration and the energetics data of the H2O and O2 adsorptions are 
compiled in Table 1.  
The three lowest energy configurations for H2O and O2 physical adsorptions on perfect, MV and 
DV-contained phosphorene are shown in figures 2 and 3, respectively. For the most stable binding 
configurations of H2O adsorbed on perfect phosphorene (figure 2(a)), one of the O−H bonds is 
oriented parallel to the surface along the armchair direction while the other is nearly normal to the 
surface. The in-plane O−H bond is located directly above the ridge of phosphorene. The distance from 
the molecule to the surface is 3.01 Å and the binding energy Ea is −0.187 eV, which is consistent with 
previous work on phosphorene [37]. For the most stable binding configuration of H2O adsorption on 
7 
 
the MV defect (figure 2(d)), both of the two O−H bonds are oriented nearly parallel to the surface and 
located directly above the MV position. The distance from the molecule to the surface is 2.42 Å and 
the binding energy Ea is −0.193 eV. Figure 2(j) shows the lowest-energy geometry of H2O adsorbed 
on phosphorene with the DV defect, where the H2O is located above one of the pentagon rings of the 
5757 defect with the adsorption height of 2.66 Å and the binding energy Ea of −0.205 eV.  
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Figure 2. Top and side views of the examined possible absorption configurations of H2O molecule adsorbed on 
phosphorene. (a), (b) and (c) for perfect, (d), (e) and (f) with MV defect, (j), (h) and (i) with DV defect. The 
balls in blue and red and white represent phosphorus, oxygen and hydrogen atoms, respectively. The lowest-
energy configurations of H2O molecule adsorbed on phosphorene are shown in (a), (d) and (j) for perfect, with 
MV defect and with DV defect, respectively. 
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Figure 3. Top and side views of the examined possible absorption configurations of O2 molecule adsorbed on 
phosphorene. (a), (b) and (c) perfect, (d), (e) and (f) with MV defect, (j), (h) and (i) with DV defect. The balls in 
blue and red represent phosphorus and oxygens atoms, respectively. The lowest-energy configurations of O2 
molecule adsorbed on phosphorene are shown in (a), (d) and (j) for perfect, with MV defect and with DV defect, 
respectively. 
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For the most stable binding configuration of O2 adsorbed on perfect phosphorene (figure 3(a)), the 
O−O bond is oriented parallel to the surface along the armchair direction and located directly above 
the ridge. The distance from the molecule to the surface is 2.80 Å and the binding energy Ea is −0.489 
eV. The most stable configuration for the O2 molecule absorbed on the MV defect is presented in 
figure 3(d), where the O−O bond is located directly above the MV position, tilting about 45° away 
from the surface. The distance from the molecule to the surface is 2.94 Å and the binding energy Ea is 
−0.489 eV. For the most stable binding configurations of O2 adsorbed on the DV defect (figure 3(j)), 
the O−O bond deviates slightly from the in-plane surface and is located directly above the central P−P 
bond shared by the two neighboring heptagons. The distance from the molecule to the surface is 3.02 
Å and the binding energy Ea is −0.705 eV. The O-O bond length of the isolated molecule changes 
from 1.22 Å to 1.25, 1.24, and 1.24 Å, upon adsorption on perfect, MV, and DV-contained 
phosphorene, respectively. This elongation of the O-O bond length signifies a strong electron transfer 
between the substrate and the O2 molecule, and the transferred charges mostly occupy the 2π* 
antibonding orbital. Therefore, the O-O bond is weakened even for a physisorbed O2 molecule on 
phosphorene, and as a result, the energy for the O-O bond splitting is lowered, explaining the high 
affinity of phosphorene to oxygen.  
Interestingly, in contrast to the common notion that defects in 2D materials generally have a higher 
chemical affinity to adsorbates, our results show that the presence of MV has almost negligible effect 
on the binding energy Ea of H2O and O2 compared with the adsorption on perfect surface. A possible 
underlying reason is that the defect states are well self-passivated due to the highly puckered structure 
of phosphorene since the atoms in the defect core cross two neighboring ridges and tend to have a 
stronger interaction and hybridization than other planar 2D materials like graphene and MoS2. The 
above scenario is consistent with previous study showing that the defects in phosphorene are nearly 
electronically inert [52]. For the DV defect, it can only slightly enhance the physisorption of H2O 
molecule (with Ea from -0.187 eV for perfect case to -0.205 eV for DV case) but greatly promote the 
adsorption of O2 molecule (with Ea from -0.489 eV for perfect case to -0.705 eV for DV case). The 
promoted interaction may be due to the large lattice distortion and bond deformation around the DV 
core. Our study suggests that the vacancy-contained phosphorene shows almost the same affinity to 
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the water molecules from the thermodynamics point of view due to the comparable energy release 
with the physisorption above the perfect lattice.  
 
Figure 4. DOS structure of phosphorene: (a) perfect, (b) with MV defect, and (c) with DV defect. LDOS of H2O 
and O2 on phosphorene: (d), (g) perfect, (e), (h) with MV defect, and (f), (i) with DV defect. Spin-up and -down 
bands for H2O and O2 are symmetrical and shown by the red lines, while black lines represent the total DOS. 
Dashed lines indicate the Fermi level.  
 
Electronic structure and states alignment 
Figure 4(a)−(c) presents the density of states (DOS) of perfect phosphorene, and phosphorene with 
MV and DV defects, respectively. It is shown that a MV defect can cause an enhancement in the 
electronic states around the top of the valence band as reflected by the increase in the peak intensity in 
the local density of states (LDOS) in figure 4(b) compared with that of perfect phosphorene in figure 
4(a). This is attributed to the newly formed defect states above the VBM as shown in the band 
structure of figure 1. For the 5757 DV defect, as shown in figure 4(c), the DOS profile is quite similar 
to that of perfect phosphorene, and there are no defect states within the band gap.  
In contrast, for the H2O physisorption, no additional electronic state within the fundamental band 
gap is formed for either perfect or defected phosphorene (figure 4(d)−(f)). The value of the respective 
band gap for perfect, MV and DV-contained phosphorene is almost the same as pristine phosphorene. 
However, the presence of vacancies on the surface significantly affects the alignment of the molecular 
levels of H2O with respect to those of phosphorene. The three highest occupied molecular orbitals 
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(HOMO) of the H2O molecule, named according to the irreducible representation of the point group 
of H2O, are 1b1 (HOMO), 3a1 (HOMO-1), and 1b2 (HOMO-2). All these levels are greatly upwardly 
shifted by around 1 eV in the MV- and DV-contained phosphorene. This readjustment of alignment of 
the molecular levels is a clear indication of a different amount of charge transfer and different 
interactions between water and phosphorene. Interestingly, for H2O adsorbed on perfect sheet, the 3a1 
orbital is the most broadened one due to its favored orbital mixing with the P atom. The situation 
becomes different for the adsorption of MV and DV defects, where the 1b1 state of the H2O molecule 
is the most broadened one. This difference reflects the fact that H2O is prone to have a different 
binding mechanism at the vacancy site compared with prefect one. 
 
Figure 5. Band structure of O2 on phosphorene: (a) perfect, (b) with MV defect, and (c) with DV defect. 
Energetic levels associated with the O2 are plotted in red.  
 
 In contrast, for O2 molecule, its physisorption can substantially modify the electronic structure of 
both perfect and defected phosphorene. Figure 4(g)−(i) shows the LDOS for perfect, MV and DV-
contained phosphorene, respectively. The adsorption of O2 induces additional states with HOMO 
being located in the proximity of the VBM region. For all the cases, the antibonding LUMO state (2π*, 
down) is located in the band gap of phosphorene above the Fermi level, while the HOMO state (2π, 
up) is slightly broadened for perfect and narrowed for MV and DV-contained phosphorene. Figure 5 
shows the band structure of O2-adsorbed phosphorene for the three cases. The spin triplet states 
(LUMO, 2π*) of O2 remains unoccupied for all the cases with the degeneracy being strongly lifted for 
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the perfect case. Unlike the case of H2O molecule absorption, the alignment of the energetic level of 
orbitals of O2 with that of phosphorene is almost insensitive to the presence of vacancies. Therefore, 
the O2 passivation of vacancies is able to induce trap states in the band gap of phosphorene, which is 
different from the case of sulfur vacancy in MoS2, where the O2 adsorption at the vacancy site can 
change the electronic nature of the vacancies from carrier-traps to electronically benign sites [38].  
Table 1. Absorption energy (Ea), charge transfer (∆q) from H2O and O2 molecules 
to phosphorene, and X−P bond length (BX−P), where X represents the H2O or O2 
molecules. Note that a positive ∆q indicates the transfer of electrons from the 
molecules to phosphorene. 
Molecule Phosphorene Ea (eV) ∆q (e) Bx-p (Å) Molecule 
H2O 
Perfect -0.187 0.010 3.01 donor 
MV -0.193 0.120 2.42 donor 
DV -0.205 0.050 2.66 donor 
O2 
Perfect -0.489 -0.036 2.80 acceptor 
MV -0.489 -0.030 2.94 acceptor 
DV -0.705 0.010 3.02 donor 
 
Modulation of carrier density and charge transfer 
To analyze the electronic interaction between the H2O and O2 molecules with phosphorene, we 
calculated the differential charge density (DCD) Δρ(r) defined as the difference between the total 
charge density of molecularly adsorbed phosphorene system subtracted by the sum of the charge 
densities of the isolated molecule and the naked phosphorene. To obtain the exact amount of 
transferred charge from the H2O or O2 molecule, the plane-averaged DCD Δρ(z) along the normal 
direction (z) of the phosphorene sheet is calculated by integrating Δρ(r) within the basal plane at the z 
point. The amount of transferred charge at z point is given by ΔQ(z) = ')'(  
z
dzz . Based on the 
ΔQ(z) curves, the total amount of charge donated by the molecule is read at the interface between the 
molecule and the phosphorene, where Δρ(z) shows a zero value. The isosurface of Δρ(r) for the H2O 
molecule adsorbed on perfect phosphorene and phosphorene with MV and DV defects is depicted in 
figure 6(a)−(c), respectively. It is seen that there is a depletion of electrons in H2O molecule and an 
accumulation of electrons in the nearest P atoms of perfect surface (figure 6(a)), and the H2O 
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molecule donates electrons to phosphorene with around 0.01 e per molecule. In the case MV defect, 
the donor ability of H2O molecule is increased and the total amount of transferred charge increases 
significantly up to 0.12 e. In case of DV defect, the total amount of transferred charge from H2O is 
0.05 e. Due to the charge transfer from water to phosphorene, an effective dipole pointing toward 
vacuum should be established across the molecule-phosphorene interface. It is expected that the 
surface coverage of H2O molecules under humidity condition could decrease the work function of 
phosphorene layer due to the presence of the dipole layer, which in turn could affect the charge 
injection from the electrode to the channel layer and thus the device performance.  
 
Figure 6. Charge redistribution for the H2O molecule absorbed on perfect (a), MV contained (b), and DV 
contained (c) phosphorene. Top and middle panels: Top and side views of the 0.02 Å−3 DCD isosurface. The 
green (orange) color denotes depletion (accumulation) of electrons. Bottom panel: Plane-averaged differential 
charge density Δρ(z) (red line) and the amount of transferred charge ΔQ(z) (green line) between the H2O 
molecule and phosphorene.  
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Figure 7(a)−(c) presents the isosurface of Δρ(r) for the O2 molecule adsorbed on perfect 
phosphorene, and phosphorene with MV and DV defects, respectively. It is found that O2 accepts 
electrons from perfect phosphorene with around 0.035 e per molecule. The MV defect slightly 
decreases the donor ability of O2 molecule with the total amount of charge transfer amounting to 0.03 
e. In contrast, the DV defect receives a tiny charge transfer of 0.01 e from the molecule, partly due to 
the fully compensated structure and weak dipole interaction. Therefore, the carrier density of 
phosphorene can be modulated by water molecules, oxygen molecules and vacancies.  
 
Figure 7. Charge redistribution for the O2 molecule absorbed on perfect (a), MV contained (b), and DV 
contained (c) phosphorene. Top and middle panels: Top and side views of the 0.02 Å−3 DCD isosurface. The 
green (orange) color denotes depletion (accumulation) of electrons. Bottom panel: Plane-averaged differential 
charge density Δρ(z) (red line) and the amount of transferred charge ΔQ(z) (green line) between the O2 molecule 
and phosphorene.  
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Effect of MV on the dissociation of O2 molecule 
Experiments have shown that phosphorene can be easily oxidized in air condition largely due to the 
oxygen molecules [26–29]. However, the underlying mechanism of the kinetic process from gas O2 
molecule to form chemically bonded O-P species is still unclear. Recent work [37] on GaS and MoS2 
semiconductors has shown that most molecules, including H2O, are only physisorbed on defects, 
while the O2 molecule may reach chemisorbed state from the physisorbed state if the energy barrier is 
overcome. The present study shows that H2O molecule can only be physisorbed while O2 molecule 
experiences an energy barrier from the physisorption to chemisorption on phosphorene. We find that 
this barrier can be strongly affected by the presence of vacancies in phosphorene. The detailed 
pathway from the initial state (IS), to the transition state (TS) and to the final state (FS) for oxidation 
of phosphorene by O2 gas molecule on perfect and MV sites are shown in figure 8(a)−(c). The 
calculated energy barrier Eb for the perfect case is 0.81 eV. From figure 8(b), it is seen that the 
presence of MV can significantly reduce the barrier to 0.59 eV. According to these results, a large 
amount of O2 molecules in air is able to be physisorbed at room temperature. Our obtained results on 
the chemisorbed energies (4 eV per O2) are in good agreement with a recent work [53]. 
According to the rate theory, the transition time from the physisorbed state to the chemisorbed 
state is  TkE bbeft  //1 , where Eb is the barrier, kb is the Boltzmann constant, T is a temperature 
and f is the attempt frequency, defined as dsvnf  , where n is O2 density in air, v is the speed, 
and sd can be taken as the square of lattice parameter. Hence, at the room temperature of 300 K, one 
atmospheric pressure, and f of arround 108 molecules/s, the time of O2 molecule chemisorbtion on 
perfect phosphorene is t   109 hours. This value reduces to 1.33 min on the MV site, which is 
about 5000 times shorter. Thus, our work suggests that the oxidation rate is much higher at 
the vacancies than at the perfect sites and that phosphorene sheets with high-concentration 
vacancies can be more easily oxidized than vacancy-free phosphorene. Passivation and 
repairment of these vacancies in phosphorene should be effective in enhancing the chemical 
stability of phosphorene. However, the oxidation is also limited by the possible absorbed sites. 
The formation energy of P vacancy is 1.65 eV, and the concentration of the intrinsic vacancy 
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estimated by Nhost*exp(-1.65/kT), where Nhost is the total number of P atoms of the 
corresponding perfect lattice, is several orders of magnitude smaller than that of the host P 
sites. Hence, the oxidation rate of phosphorene is still largely dominated by the reaction at the 
perfect sites. Effects of vacancies tend to be more significant for small size phosphorene 
flakes which contain a large amount of edges with accumulated vacancies. 
 
Figure 8. Atomic configurations from the physisorbed to the chemisorbed state in the dissociation process of O2 
molecule on (a) perfect (black line) and (c) MV (red line) phosphorene. P and O atoms are colored in purple and 
red, respectively. (b) Energetic profiles of the reaction pathway obtained from NEB calculations. 
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Conclusions 
By using first-principles calculations, we investigate the interaction of vacancy-contained 
phosphorene with H2O and O2 molecules. It is found that different from other 2D materials, vacancy-
contained phosphorene is almost inert to H2O with the adsorption energy being almost the same as 
that in perfect phosphorene. For both perfect and vacancy-contained phosphorene, H2O molecule does 
not introduce any defect states in the band gap while the frontier orbitals of O2 molecule are aligned in 
the band gap of the VBM of the phosphorene. O2 molecule increases hole carriers and serves as a 
good electron scavenger for adsorption above perfect phosphorene. Vacancy-modulated charge 
transfer from H2O and O2 molecules may allow the modulation of the concentration and polarity of 
carriers in phosphorene. Finally, we investigate the kinetics of O2 dissociation and find that the 
oxidation rate is around 5000 times faster in the vacancy site than the perfect site. Phosphorene 
samples with a large amount of vacancies should be more easily oxidized than those of low-vacancy 
contained phosphorene. The new understandings revealed here for the interactions of O2 and H2O 
molecules with phosphorene may inspire new strategies to exfoliate and protect phosphorene. 
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